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 Abstract 
Plane impinging jets with nozzle-plate distances H/B=10 at Re=13500 and 
H/B=9.2 at Re=20000 are simulated with k-ω based hybrid RANS/LES models. 
Three ways of substitution of the turbulent length scale by the local grid size in the 
LES mode of the hybrid RANS/LES models are tested. The results show that the 
hybrid models give much better prediction of wall shear stress and heat transfer 
rate along the impingement plate than the RANS model. The good performance of 
the hybrid models is due to their ability to resolve the evolution and break-up of 
the vortices in the shear layer of the jet, which strongly affects the turbulent flow 
and convective heat transfer in the stagnation region and the developing wall-jet 
region. 
1 Introduction 
The newest version of the k-ω model of Wilcox (2008) is applied as a “state-
of-the-art” turbulence model. Since the RANS model provides poor description of 
the flow physics for free jet flows, hybrid RANS/LES models are constructed in 
order to resolve the evolution of large scale instabilities in flow regions where the 
grid density is fine enough, replacing the turbulence length scale by the local grid 
size. In the near wall regions, the model switches to RANS mode which is known 
to be adequate for modelling fine scale structures. Three different ways of 
substitution of the turbulent length scale by the local grid scale are tested. 
Results of simulations of plane impinging jets with nozzle-plate distances 
H/B=10, 9.2, and Re=13500, 20000 (Reynolds number based on slot width B and 
centreline velocity V0) are presented and compared to experimental data and LES 
results. It is demonstrated that the hybrid RANS/LES models are able to reproduce 
the flow unsteadiness in the shear layers of the jet and give realistic turbulent flow 
prediction along the impingement plate.  
Overall, very good results are obtained. 
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2 The k-ω model for hybrid formulation 
The new k-ω model of Wilcox (2008) reads 
,k
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The components of the modelled stress tensor are given by τij=2νtSij – 2/3kδij. The 
turbulent viscosity νt is defined by 
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Sij=1/2(∂Ui/∂xj+∂Uj/∂xi) are the components of the rate of strain tensor. The 
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The model contains a stress limiter through Eq. (3). In flow regions 
characterized by large levels of strain S (e.g. in impingement flow regions), the 
term lim 2 /ij ijC S S β ∗  becomes higher than ω in Eq. (3), which makes the 
production term Pk in Eq. (1) proportional to S instead of proportional to S2. Our 
tests showed that for impinging jet simulation with hybrid RANS/LES methods, 
the importance of the stress-limiter is small. Since the LES mode is active in the 
free shear layers and in the stagnation flow region, the model is capable of 
resolving the flow physics there, without necessity of introducing further damping 
to the modelled shear stress, which would be necessary with a RANS model. 
Therefore, the stress limiter is omitted in the hybrid model. Notice that it omitted 
everywhere, so also in the RANS mode, since it has negligible effect on the results 
in near-wall regions of wall parallel boundary layer flows. 
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3 Length scale substitution for hybrid formulation 
Three different ways are studied for the substitution of the turbulent length 
scale by the local grid size when the hybrid RANS/LES functions in LES mode.  
In the first model, the DES-type formulation of Strelets (2001) is implemented 
by modifying the destruction term in Eq. (1): 
3/ 2
max , .kk k
CDES
β ω ε β ω⎛ ⎞∗ ∗⎜ ⎟= → ⎜ ⎟Δ⎝ ⎠
  (4) 
The constant CDES has been taken from Kok et al. (2004), namely, CDES=0.67. 
The local grid size Δ is defined by Δ=max (Δx, Δy, Δz) where Δx, Δy, Δz denote the 
distances between the cell faces in x, y and z directions. A similar value of the 
constant CDES has been determined by Yan et al. (2005) through simulation of the 
decay of isotropic turbulence using the k-ω based DES model, namely CDES=0.7. 
Hereafter, this model is called the M1-model. 
The second model is the model of Kok et al. (2004), where the underlying k-ω 
model has been used for construction of the “X-LES” approach. In Kok et al. 
(2004), the turbulent length scale is replaced by the grid size in both  
     min ,k C kDEStν βω
⎛ ⎞∗= Δ⎜ ⎟⎝ ⎠    (5) 
and the destruction term of the k-equation (Eq. 4). This formulation is referred as 
the M2-model. 
The third model, M3-model, is according to the latency factor concept of 
Batten et al. (2004), based on inclusion of the local grid size only in the definition 
of νt. An LES subgrid viscosity can be expressed by 
          4 /3 1/3.tν β ε
∗= Δ     (6) 
A RANS-type eddy viscosity can be written as 
2 4/3 1/3.
kRANS Lt tν β β εε
∗ ∗= =    (7) 
According to the kinetic energy cascade, turbulent kinetic energy is transferred 
from the largest scales of motion towards smaller and smaller scales approaching 
that of Kolmogorov size without loss. As a result, a local equilibrium assumption 
can be formulated equating the dissipation at the small scales to the rate at which 
the turbulent kinetic energy is transferred from large to small scales. With this 
assumption, Eqs. (6) and (7) lead to 
         
4 /3
.RANSt t Lt
ν ν ⎛ ⎞Δ= ⎜ ⎟⎜ ⎟⎝ ⎠    (8) 
The term (Δ/Lt)4/3 in Eq. (8) can be interpreted as a damping function which 
bridges the RANS and LES zones. In order to recover the RANS turbulent 
viscosity in Eq. (8) for Lt < Δ, the function (Δ/Lt)4/3 is limited by unity.   
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4 Computational set up 
Fig. 1 (left) shows a scheme of the rectangular box computational domain. 
Length L, height H and width W and the number of cells Nx, Ny, Nz in x, y and z 
directions are 
 
At the inlet to the computational domain (jet exit) an almost flat mean velocity 
profile was specified according to Tsubokura et al. (2003): 
( ) ( )( )14,0, 1 2 / .0V x z V x B= − −    (9) 
As shown in Fig. 1 (right), the profile defined by Eq. (9) agrees well with the 
experimental data of Maurel and Solliec (2001). The same definition of the inlet 
mean velocity profile was used for both cases.  
    
Fig. 1. (left) scheme of the computational domain (right) profile of the mean v-velocity 
component imposed at the jet exit.  
As noted by Maurel and Solliec (2001), a uniform profile of the fluctuating 
velocity component can be assumed at the jet exit. In the experiments, the nozzle 
exit turbulence intensity varied in the range Tu=1.6-2.8% for the case H/B=10 and 
Re=13500. For the case H/B=9.2 and Re=20000, the turbulence intensity was 
Tu=1% (Ashforth-Frost et al., 1997, Zhe and Modi, 2001). The turbulence length 
scale was not measured. In the present computations, constant values of k and ω 
are specified at the inlet to the computational domain (for 2D RANS and hybrid 
RANS/LES) with Tu=2.5% for H/B=10 and Re=13500 and Tu=1.0% for H/B=9.2 
and Re=20000 while lt,inlet=0.015B (according to Jaramillo et al., 2008). 
Case L/B H/B W/B Nx Ny Nz 
H/B=10, Re=13500 50 10 π 140 145 44 
H/B=9.2, Re=20000 80 9.2 π 140 165 44 
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 The inlet values of the turbulent quantities were set to kinl=1.5(Tu*V0)2 and 
ωint=(kinl)0.5/lt,inlet, were V0 denotes the mean velocity in the symmetry plane. In 
addition to the specified k and ω profiles, the vortex method of Fluent was used to 
generate fluctuations at the jet exit. At the outflow boundaries, pressure outlet 
boundary conditions were applied with a zero normal gradient condition for the 
modelled scalars. At the walls, no-slip conditions were used with the turbulent 
quantities computed according to k=0, ω=10(6ν)/(β0(Δy)2), where Δy is the first 
point away from the wall. Periodic boundary conditions have been applied in the 
spanwise z direction. 
In the hybrid RANS/LES computations, the computational grid consists of 
N≈0.9 million cells for the first case (H/B=10, Re=13500), N≈1 million cells for 
the second case (H/B=9.2, Re=20000). In the reference LES computations of 
Beaubert and Viazzo (2003), (H/B=10 and Re=13500) the computational mesh 
consists of 240 x 150 x 64 cells (N≈2.3 million). In the present hybrid RANS/LES 
simulations the number of grid points has been reduced in the x-direction, 
compared to the LES simulations. The grid points have been clustered towards the 
walls (in order to fulfil the condition y+<3) and in the shear layer of the jet, since 
these are the regions of high velocity gradients. A uniform grid spacing was used 
in the spanwise z direction. 
5 Results 
Fig. 2 (a) shows the profiles of mean and (b) fluctuating y-velocity obtained 
with the hybrid RANS/LES formulations (M1-model –solid line, M2-model-
dashed line, M3-model – dashed dotted line) for the first case, the experimental 
data of Maurel and Solliec (2001), (symbols), the LES results of Beaubert and 
Viazzo (2003), (solid line together with the symbols) and 2D RANS results 
obtained with the k-ω model (dashed-double dotted line). For the hybrid methods, 
the data have been averaged in time and in the spanwise z direction. 
With RANS, the length of the jet core is strongly overpredicted with respect to 
the measured value and the value computed by LES and hybrid RANS/LES. As 
shown in Fig. 2 (b) the fluctuating velocity component predicted by RANS 
u’=(2/3k)0.5 slightly decays with increasing distance from the jet exit while in 
reality the fluctuations rise already at (H+y)/B=2. The poor performance of the 
RANS model is due to its inability to predict turbulence production in absence of 
velocity gradients in the core of the jet and is also due to too weak production of 
turbulent kinetic energy in the shear layer of the jet. This makes the predictions by 
2D RANS for large distance between jet exit and impingement plate very 
erroneous. The results obtained with the hybrid RANS/LES methods are close to 
each other and they show good agreement with experimental data and LES. 
Fig. 3 shows the profiles of the skin friction (scaled with Reb=bpV0/ν, where bp 
is the half-width of the impingement pressure profile) along the impingement 
plate. The hybrid RANS/LES results are again compared to experimental data (Tu 
and Wood, 1996), to LES results (Beaubert and Viazzo, 2003) and to the 2D 
RANS results.  
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Note the differences in the nozzle-plate distances and Reynolds number 
between the experimental data of Tu and Wood (1996): H/B=8 and 12, Re=11000,  
and the present results: H/B=10, Re=13500. 
The peak values of ( )1/ 2 20Re / 0.5b Vτ ρ  predicted by RANS are higher than the 
peak values obtained with the hybrid RANS/LES and LES methods. As discussed 
above, this is due to overprediction of the length of the core, so underestimation of 
the jet expansion. The RANS solution agrees very well with LES at larger 
distances from the symmetry plane (for x/bp>2). The results obtained with the 
hybrid RANS/LES formulations show good agreement with the experimental data 
and the LES results. 
 
 
Fig. 2.  Mean (a) and fluctuating (b) velocity profiles along a symmetry plane for 
H/B=10, Re=13500. For hybrid RANS/LES, resolved fluctuating velocity profiles 
are shown. 
 
 
Fig. 3. Distribution of ( )1/ 2 20Re / 0.5b Vτ ρ along the impingement plate for H/B=10, 
Re=13500. 
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Fig. 4 shows profiles of computed mean x-velocity components and the 
comparison with the experimental data of Asforth-Frost et al. (1997) and Zhe and 
Modi (2001) along a line perpendicular to the impingement plate at two distances 
from the symmetry plane for simulation of the plane impinging jet at H/B=9.2 and 
Re=20000. First of all, quite large differences are visible between the 
experimental data of Asforth-Frost et al. (1997) and Zhe and Modi (2001). As 
shown in Fig. 4 (a) at distance x/B=1, the mean velocity profile obtained with the 
RANS k-ω model is strongly overpredicted. This is caused by the too slow 
spreading of the mean velocity profiles in the developing wall jet region into the 
free stream as a result of too weak turbulence mixing in the shear layer of the jet. 
It means that the k-ω model is not able to reproduce the near-wall characteristics 
of the turbulent boundary layer due to overprediction of the length of the jet core. 
With the hybrid RANS/LES models much better correspondence is obtained with 
the experimental data. As explained before, this is the consequence of the LES 
representation of the shear layers of the jet which results in more reliable 
prediction of the mean velocity profiles along the impingement plate.  
The mean velocity profile obtained with the hybrid M3 model is slightly lower 
than predicted by the other models. This is already an indication that this model 
reacts somewhat differently. In order to identify the cause of the difference, 
contour plots of modelled turbulent kinetic energy (k) are shown in Fig. 5 in the x-
y plane located at z/B=π/2. The instantaneous fields of modelled k obtained with 
the M1 model (Fig. 5, a) and the M2 model (Fig. 5, b) are quite similar. The 
instantaneous field of k obtained with the M3 model strongly differs from the 
others. Much higher levels of modelled turbulent kinetic energy are obtained with 
the M3 model. This is due to the different way of modelling of the destruction 
term in the k-equation. 
 
 
Fig. 4. Variation of the mean x-velocity component along a line perpendicular to the 
impingement plate at two distances from the symmetry plane (a) x/B=1 and (b) x/B=5 for 
H/B=9.2, Re=20000. 
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Fig. 5. Instantaneous field of modelled k obtained by (a) M1 model (b) M2 model and (c) 
M3 model for H/B=9.2, Re=20000. 
Fig. 6 (a) shows the skin friction coefficient cf along the impingement plate 
obtained with the RANS k-ω model and the hybrid RANS/LES formulations. 
RANS predicts the skin friction coefficient far too high in the impingement region 
and also in the developing wall jet region. As mentioned above, this is caused by 
underprediction of the turbulence mixing in the shear layer of the jet which results 
in too slow spreading of the mean velocity profiles into the free stream as the flow 
turns into a wall jet. With the hybrid RANS/LES methods much better 
correspondence between computations and experiment is obtained. The peak value 
of cf at x/B=2 is slightly overpredicted with all hybrid RANS/LES formulations 
but they are able to reproduce quite well the asymptotic behaviour for x/B>8. Fig. 
6 (b) shows the distribution of the Nusselt number along the impingement plate 
and the comparison with the experimental data of Ashforth-Frost et al. (1997). 
RANS is not able to correctly reproduce the monotonic decay of the Nusselt 
number profile with increasing distance from the symmetry plane, even if the 
stagnation point Nusselt number is correctly predicted. The M3 hybrid 
RANS/LES model gives a too high level of Nusselt number. The M1 and M2 
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models give good correspondence between simulations and experiments. The 
overprediction of the heat transfer rate at x/B<6 by the M3 model is caused by the 
large subgrid turbulent viscosity in the near-wall region of the developing wall jet. 
 
 
Fig. 6. (a) Distributions of the skin friction coefficient and (b) of the Nusselt number along 
the impingement plate for H/B=9.2, Re=20000. 
6 Conclusions 
The performance of hybrid RANS/LES models based on the k-ω model of 
Wilcox (2008) for simulation of plane jets impinging onto a flat plate, with large 
distance between jet exit and impingement plate, has been analysed. Different 
ways of substitution of the turbulent length scale by the local grid size have been 
tested. With the M1 model, the local grid size Δ is introduced in the destruction 
term of the k-equation while for the M2 model it is introduced in both the 
destruction term of the k-equation and in the definition of νt in LES mode. In the 
M3 model, the k-equation is unaltered and the local grid size is only used to damp 
νt in LES mode.  
There is not much difference in the prediction by the models of mean velocity 
profiles, profiles of fluctuating velocity components and skin friction distribution 
on the plate. In particular, the profiles in the jet approaching the plate are very 
close to each other. The M3 model has a tendency to overpredict the mixing of the 
developing wall jet with the surrounding fluid in the region downstream of the 
impact zone. This is caused by its much higher level of subgrid turbulent kinetic 
energy in the impact region, compared to the other models. This higher level also 
has as consequence an overprediction of the heat transfer in the impact region.    
The results demonstrate that it is essential to take into account the relation 
between cut-off length (grid size), specific dissipation rate and subgrid turbulent 
kinetic energy in the destruction term of the equation for subgrid turbulent kinetic 
energy. Leaving this term unchanged with respect to the RANS model clearly 
leads to overprediction of the subgrid turbulent kinetic energy. The differences 
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between the M1 and M2 models are minor. This shows that using the relation 
between grid size, specific dissipation rate and subgrid turbulent kinetic energy a 
second time in the definition of the subgrid viscosity is not essential.  
The results show that application of a hybrid RANS/LES model is extremely 
effective for simulation of plane impinging jets at high nozzle-plate distances. 
This is due to the ability of hybrid RANS/LES models to correctly predict the 
turbulent mixing in the shear layers of the jet. 
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